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In contrast to studies on skeletal and smooth muscles, the
identity of kinases in the heart that are important physiologi-
cally for direct phosphorylation ofmyosin regulatory light chain
(RLC) is not known. A Ca2�/calmodulin-activated myosin light
chain kinase is expressed only in cardiac muscle (cMLCK), sim-
ilar to the tissue-specific expression of skeletal muscle MLCK
and in contrast to the ubiquitous expression of smooth muscle
MLCK. We have ablated cMLCK expression in male mice to
provide insights into its role in RLC phosphorylation in nor-
mally contracting myocardium. The extent of RLC phosphory-
lation was dependent on the extent of cMLCK expression in both
ventricular and atrial muscles. Attenuation of RLC phosphory-
lation led to ventricular myocyte hypertrophy with histological
evidence of necrosis and fibrosis. Echocardiography showed
increases in left ventricular mass as well as end-diastolic and
end-systolic dimensions. Cardiac performance measured as
fractional shortening decreased proportionally with decreased
cMLCK expression culminating in heart failure in the setting of
no RLC phosphorylation. Hearts from femalemice showed sim-
ilar responses with loss of cMLCK associated with diminished
RLC phosphorylation and cardiac hypertrophy. Isoproterenol
infusion elicited hypertrophic cardiac responses in wild type
mice. In mice lacking cMLCK, the hypertrophic hearts showed
no additional increases in size with the isoproterenol treatment,
suggesting a lack of RLC phosphorylation blunted the stress
response. Thus, cMLCK appears to be the predominant protein
kinase that maintains basal RLC phosphorylation that is
required for normal physiological cardiac performance in vivo.

Sarcomeric proteins in myocytes account for contraction of
the heart that depends on the molecular motor myosin in the
thick filaments binding to actin in thin filaments to initiate
shortening and force development (1–3).Myosin cross-bridges
contain an actin-binding surface and ATP pocket in the motor
domain that taper to an �-helical neck connecting to the myo-
sin rod region responsible for the self-assembly into thick fila-

ments. Two small protein subunits, the essential light chain and
the phosphorylatable RLC,2 wrap around each �-helical neck
region providing mechanical stability (4). RLC is necessary for
assembly of thick filaments in cardiac myocytes, andmutations
in RLC are linked to inherited hypertrophic cardiomyopathy (5,
6). There are two types of cardiac RLCs, a ventricular myosin
light chain, MLC2v, and an atrium-specific form, MLC2a (7).
In heart and skeletal muscle Ca2� binds to troponin in the

actin thin filament, thereby allowing myosin heads to attach to
actin for sarcomeric force development and shortening (8).
Additionally, phosphorylation of RLC in fast-twitch skeletal
muscle fibers by a skeletal muscle-specific Ca2�/calmodulin-
dependent MLCK modulates the contractile response by
potentiating frequency-dependent force development (9–11).
In the heart, phosphorylation of multiple sarcomeric proteins
adjusts myofilament protein interactions and thus fine-tunes
the troponin-dependent contraction (3, 12, 13). The basal
phosphorylation of RLC (40–50%) in beating hearts is main-
tained by slow rates of phosphorylation and dephosphorylation
(14–17). RLC phosphorylation in skinned fibers increases the
extent and rate of force development while decreasing sarcom-
eric interfilament spacing (9, 12, 18). It is also proposed that
altered RLC phosphorylation may contribute to compensatory
responses and contractile dysfunction in human diseases (19).
Kinases that phosphorylate RLC in the heart have not been

clearly identified, although there are two primary candidates,
cMLCK and ZIPK. Skeletal muscle MLCK was reported to be
present in heart (20), but its abundance is too low to maintain
RLC phosphorylation (10). Cardiac RLC is not a good substrate
for the ubiquitous smooth muscle MLCK, which is present in
cardiac myocytes and probably phosphorylates nonmuscle
cytoplasmic myosin II-B (10, 21–23). Recently, a novel cMLCK
was identified in human heart failure and found to be regulated
by the cardiac homeobox protein Nkx2-5 during development
(24, 25). Suppression of cMLCK expression in zebra fish
embryos led to ventricular dilation with incomplete sarcomere
formation, whereas overexpression in neonatal myocytes pro-
moted sarcomere organization and increased cell contractility.
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Cardiac RLC is also a good biochemical substrate for ZIPK, and
knockdown of the kinase in neonatalmyocytes by siRNA inhib-
ited RLC phosphorylation (26). Thus, ZIPK has emerged as
another candidate kinase that may phosphorylate RLC.
We have ablated cMLCK expression inmice to determine its

role in RLC phosphorylation. Because it appears to be the pri-
mary kinase for basal RLC phosphorylation that may modulate
cardiac function, we also evaluated cardiac adaptations result-
ing from RLC dephosphorylation to obtain insights into the
physiological role for cMLCK.

EXPERIMENTAL PROCEDURES

Generation of aHypomorphic Allele of cMLCK—The strategy
to study the physiological role of cMLCK in cardiac myocytes
was tomodify the cMLCK gene to ablate expression at different
developmental times from embryonic to adult stages (27). Our
approach involved development of a LoxP-targeted allele in
mice that will allow different cardiac expressing Cre transgenes
to affect cMLCK expression at different developmental times.
However, because others suggested that cMLCK was a cardiac
myocyte-specific kinase (24, 25), we decided initially to affect
kinase expression by retaining the marker cassette containing
the neomycin resistance gene (neo) as part of the initial floxed
allele to generate a hypomorphic allele (28). Genomic regions of
the mouse cMLCK (MYLK3) locus were isolated from 129SvEv
genomic DNA by LA TaqTM polymerase (Takara Bio) and
cloned into targeting vector OS.DUP/DEL with a TK cassette
for negative selection and a neo cassette for positive selection.
A 2.6-kb genomic sequence (5�-targeting arm, short arm)
upstream of cMLCK exon 4, bounded by an upstreamXhoI site
and a downstreamClaI site, was cloned upstream of the 5� loxP
sequence in the targeting vector. A 4.4-kb genomic sequence
(3�-targeting arm, long arm) downstream of cMLCK exon 4,
bounded by an upstream SalI site and a downstream SalI site
(including BamHI BglII recognition sequence at the 3� end for
subsequent screening), was cloned downstream of the 3� loxP
sequence. A 1.2-kb region (conditional knock-out region,
knock-out arm), including exon 4, bounded by an upstream
NdeI site and a downstream AflII site, was cloned between the
5� loxP sequence and the 5� FRT sequence. The resulting vector
was verified by DNA sequencing and restriction mapping. The
vector was linearized at the PvuI site downstream of the 3�-tar-
geting arm and electroporated into 129SvEv-derived embry-
onic stem cells. Cells were then treatedwithG418, and negative
selection was accomplished by gancyclovir. Southern blot anal-
ysis was performed using probes located 5� of the 5�-targeting
arm and 3� of the 3�-targeting arm (Fig. 1). Accurate recombi-
nation was verified by sequencing genomic PCR products
derived from primers located 5� of the 5�-targeting arm and
within the neomycin resistance cassette and 3� of the 3�-target-
ing arm and within the neomycin resistance cassette. Three
cMLCK-targeted embryonic stem clones were identified. Two
clones were expanded and injected into C57BL/6 blastocysts
that were transferred to the uterus of pseudopregnant females.
High percentage chimeric male mice (cMLCK�/neo) were bred
into a C57BL/6 background to obtain germ line transmission.
We generated mice with a cMLCK hypomorphic allele
(cMLCKneo/neo) by intercrossing cMLCK�/neo to each other. All

experiments on mice were conducted in a 129SvEv/C57Bl/6
mixed background. Genotyping was performed by Southern
blotting with 5� and 3� probes. Animals were housed under
standard conditions and maintained on commercial mouse
chow and water ad libitum. The environment was maintained
at 22 °C with a 12-h light/12-h dark cycle. All animal experi-
mental procedures were reviewed and approved by the Institu-
tional Animal Care and Use Committee at the University of
Texas Southwestern Medical Center.
Southern Blot Analysis—Southern blot probes were gener-

ated by PCR using the following primer sets: 5� probe forward,
5�-CTGGGACTGGGATTATAGACAATTGTG-3�, reverse,
5�-GGTCTAATTAACAGCATGGCCAATGG-3�; and 3�
probe forward, 5�-GGGTCATAGCCATCATTGCACAG-3�,
reverse, 5�-GTTAAAGACCATACTTGAGACTCGAGCC-3�.
In brief, tail genomic DNA was digested with BglII (5� screen-
ing) or BamHI (3� screening) and analyzed using a standard
Southern blot protocol.
RNA Analysis—Total RNA was purified from isolated

heart ventricles with TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. Twomicrograms of RNA
were used as template to synthesize cDNA using random
hexamers. Quantitative PCR was performed using the fol-
lowing TaqMan� probes purchased from Applied Biosys-
tems: ANP, Mm01255748_g1; BNP, Mm00435304_g1;
Col1a2, Mm00483888_m1;Myh6, Mm00440354_m1;Myh7,
Mm00600555_m1; and rodent GAPDH, 4308313. Analyses
were performed by the comparative CT method. Initial data
were normalized to GAPDH; relative values were obtained
by normalizing to the mean for cMLCK�/� ventricles.
Immunoblotting of Proteins—For Western blot analysis,

hearts were isolated for dissection in less than 2 min, frozen in
liquid nitrogen, and stored at �80 °C until homogenization.
Changes in RLC phosphorylation occur on the order of 30–45
min in heart, so immediate fixation in situ is not essential to
measure the extent of phosphorylation that reflects in vivo val-
ues (15, 16). Tissues were homogenized in 10% trichloroacetic
acid and 10 mM dithiothreitol at 0 °C, and total proteins were
collected by centrifugation at 2,000 rpm for 1 min in a tabletop
centrifuge. Protein pellets were solubilized into 8 M urea as
described previously (10, 29, 30). The protein pellets were
readily solubilized following the low centrifugation force for a
short time. Muscle samples were subjected to urea/glycerol-
PAGE to separate phosphorylated and nonphosphorylated
RLC as described previously (31). Because the urea/glycerol-
PAGE system separates nonphosphorylated from the phos-
phorylated RLC, we have a direct quantitative measure of RLC
phosphorylation in terms of percent phosphorylation. Because
the separation results from a single phosphate, datamay also be
calculated asmol of phosphate/mol of RLC. Diphosphorylation
results in additional migration of RLC in the urea-PAGE sys-
tem, but cardiac muscle has very little diphosphorylated RLC
(26, 31). Quantitative measurements were processed on a
Storm PhosphorImager and analyzed by ImageQuant software.
Additional Western blotting was performed by SDS-PAGE on
other proteins solubilized in the 8 M urea buffer. For prepara-
tion of soluble proteins, tissues were homogenized in buffer at
pH 7.6 containing (inmM)Tris-HCl 50, EGTA2, EDTA2,NaCl
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150, dithiothreitol, 1% Nonidet P-40, and 10 �l/ml protease
inhibitor mixture (Sigma). Contractile proteins were pelleted
by centrifugation at 7,000� g for 10min. Equal volumes of total
and supernatant fractions were subjected to SDS-PAGE. Anti-
bodies to cMLCK, MYPT2, andMLC2a were raised to bacteri-
ally expressed mouse protein (Proteintech Group, Inc.). Anti-
bodies to MLC2v from bovine heart were previously described
(31). Antibody to smooth muscle MLCK (K36) was obtained
from Sigma. Antibody for GAPDH was obtained from Santa
Cruz Biotechnology. Measurements of total cTnI and phosphor-
ylation at Ser-23 and Ser-24 were performed by Western blots
with antibodies from Research Diagnostics, Inc. (17, 32).
Histological Analyses—Before histological evaluation, hearts

were dissected from anesthetized mice, fixed, and then pro-
cessed into paraffin according to routine procedures (31). Four-
chamber longitudinal views were sectioned at the level of the
aortic and pulmonary valves (31). The size of cardiac myocytes
was measured following wheat germ agglutinin staining as
described previously (23), except an optical fractionator probe
of Stereo Investigator software (MBF Bioscience) was used to
obtain an unbiased estimate of myocyte areas.

Echocardiography—Echocardiograms were performed on
conscious, gently restrained mice using either a Sonos 5500
systemwith a 15-MHz linear probe or Vevo 2100 systemwith a
MS400C scanhead. Left ventricular internal diameter at end-
diastole (LVEDD) and end-systole (LVESD) were measured
fromM-mode recordings. Fractional shorteningwas calculated
as (LVEDD�LVESD)/LVEDD (%).Measurements of interven-
tricular septum thickness, left ventricular internal diameter,
and left ventricular posterior wall thickness were made from
two-dimensional parasternal short axis views in diastole. Left
ventricular mass was calculated by the cubedmethod as 1.05 �
((IVS � LVID � LVPW)3 � LVID3) (mg), where IVS is inter-
ventricular septum thickness; LVID is left ventricular internal
diameter; LVPW is left ventricular posterior wall thickness
(33). All measurements were made at the level of papillary
muscles.
Animal Protocols—Mice were treated with isoproterenol for

7 days to induce cardiac hypertrophy (31). Isoproterenol at 40
mg/ml/g of mouse in saline or saline itself was injected into an
Alzet� mini-osmotic pump (model 2001, Durect Corp.), which
releases at 1.0 �l/h. Pumps were surgically implanted on the

FIGURE 1. Generation of mice with a hypomorphic cMLCK allele. A, schematic representation of the mouse cMLCK gene and targeting strategy. The
targeting vector flanks exon 4 with loxP sites and includes insertion of an frt-neomycin (Neo) cassette as well as BglII and BamHI restriction sites. Positions of 3�
and 5� probes used for Southern blots are shown below the Neo-targeted cMLCK allele. B, Southern blot analysis of cMLCK mutant alleles. Mouse genomic DNA
was digested with BglII and hybridized with 5� probe (left panel) or digested with BamHI and hybridized with 3� probe (right panel). Mutant alleles yield shorter
fragments, as indicated, due to insertion of restriction sites. Mouse genotypes indicated by �/�, WT; �/neo, heterozygous; neo/neo, homozygous for targeted
allele.
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back during anesthesia. Echocardiographic measurements
were performed before and after the isoproterenol infusion.
At the end of the treatment, mice were anesthetized (250

mg/kg Avertin, intraperitoneal) and weighed. Whole hearts
were removed, weighed, and quick-frozen in liquid nitrogen.
Tibial length was also measured.
Statistical Analyses—Data are expressed asmean�S.E. Statis-

tical evaluation was carried out by using an unpaired Student’s t
test for two comparisons or analysis of variance (plus the New-
man-Keuls method) for multiple comparisons of data with vari-
ance homoscedasticity assessed by the Bartlett method. Kruskal-
Wallis rank-sum and Nemenyi tests were used in multiple
comparisons for data not meeting the homoscedastic variance
test. Significance was accepted at a value of p � 0.05.

RESULTS

cMLCK Expression in Heart—The mRNA for cMLCK was
previously shown to be expressed in ventricular and atrial mus-
cle of the heart with no significant expression in other tissues,
including skeletal or smooth muscles as well as nonmuscle tis-
sues (24, 25). We have obtained similar results with Northern
and Western blotting of cMLCK in diverse tissues, which
emphasizes the tissue-specific expression of cMLCK (data not
shown). We also immunostained for cMLCK in adult mouse
hearts showing specific expression in both ventricular and
atrial cardiac myocytes (Fig. 2). The kinase appeared localized
in the cytoplasm so we determined biochemically if it was asso-
ciated with myofilaments (Fig. 2). Comparison of cMLCK in
total tissue homogenates with that in supernatant fractions
after removal of myofilaments by centrifugation showed that
cMLCK was soluble in both ventricular and atrial myocytes,
similar to the solubility of skeletal muscle MLCK (34), and in
contrast tomyofilament binding of smoothmuscleMLCK (35).
Additionally, the amount of cMLCK expression appeared
greater in atria than in ventricles. cMLCK was distributed
evenly throughout all portions of the ventricles.
Disruption of cMLCKGene Expression Eliminates Basal RLC

Phosphorylation in Ventricles and Atria—Because cMLCK is a
cardiac myocyte-specific kinase, we decided initially to perturb
kinase expression by retaining the marker cassette containing
the neomycin resistance gene (neo) as part of the initial floxed
allele to generate a hypomorphic allele (28). The long range
strategy was to have animals in which the neo cassette could be
removed and then ablate the gene in adult mice with condi-
tional Cre expression. A targeting vector containing a neo cas-
sette included frt sites as well as loxP sites flanking exon 4 (Fig.
1). Southern analysis of both the 5� and 3� arms of the targeted
cMLCK gene demonstrated successful recombination and
germ line transmission (Fig. 1). Additionally, insertion of the
neo cassette disrupted cMLCK expression in both atrial and
ventricular myocytes (Fig. 3). Expression of cMLCK protein in
ventricular and atrial tissues from cMLCKneo/neo mice was
undetectable, whereas the amount in cMLCK�/neo mice was
about 50% that found in wild type mice. Interestingly, the par-
tial reduction of cMLCK protein in cMLCK�/neo mice led to a
partial reduction of RLC phosphorylation in both ventricular
(MLC2v) and atrial (MLC2a) muscles (Fig. 3). The extent of
RLC phosphorylation in ventricular and atrial tissues from

cMLCKneo/neo mice was less than 5% that obtained for hearts
from wild type animals. The extent of basal RLC phosphoryla-
tion appears to be dependent on the amount of cMLCK
expressed, thus indicating the kinase activity is a limiting factor
for RLC phosphorylation.
We removed the neo cassette by crossing Flp-deleter mouse

strain to mice containing the neo cassette flanked by frt sites
and confirmed crossing results by Southern analysis. The
resulting mice containing single (cMLCK�/f) or double
(cMLCKf/f) floxed alleles without the neo cassette had similar
amounts of cMLCK protein as wild type mice. The relative
amounts were 100 � 1, 104 � 6, and 99 � 10% (mean � S.E.,
n � 5) for wild type, cMLCK�/f, and cMLCKf/f mice, respec-
tively. The extent of MLC2v phosphorylation was also not dif-
ferent with 0.42 � 0.2, 0.42 � 0.01, and 0.41 � 0.02 for wild
type, cMLCK�/f, and cMLCKf/f mice, respectively. The mor-
phological properties of hearts in the three different groups
appeared normal. Thus, the insertion of the neo cassette
appears to be selective for disrupting cMLCK expression.
We also measured the protein contents of other related pro-

teins, including MLC2v, MLC2a, MYPT2, cTnI, and smooth
muscle MLCK (Table 1). There were no differences in the

FIGURE 2. cMLCK expression and distribution in the heart. Upper panels
show four-chamber, longitudinal views for sections stained with preimmune
serum (left) and serum to cMLCK (right). The lower panels show magnified
views of the endocardium (left) and ventricular-aortic valve junction (right)
with cMLCK staining in myocytes. The lowest panel shows a Western blot for
total and supernatant fractions obtained from various heart locations with
cMLCK migrating as a single species at �90 kDa. Heart samples were
obtained from 18- to 22-week-old male mice. RA, right atrium; LA, left atrium;
RV, right ventricle; LV, left ventricle.
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amounts of these proteins in cMLCK�/�, cMLCK�/neo, and
cMLCKneo/neomice. Thus, the loss of cMLCK protein or inser-
tion of the neo cassette did not affect expression of these related
proteins.
The thin filament protein cTnI plays an important role in

Ca2� sensitivity of myofilaments, and it was recently reported

that overexpression of a nonphos-
phorylatable MLC2v resulted in a
marked compensatory decrease in
cTnI phosphorylation (17).We thus
determined if cTnI phosphorylation
was changed at Ser-23 and -24 in
cMLCK hypomorphic hearts. The
relative phosphorylation of cTnI
was 100 � 5.7, 94 � 9.9, and 87 �
10.5% (mean � S.E., n � 4) for
hearts fromwild type, cMLCK�/neo,
and cMLCKneo/neo mice, respec-
tively, with no significant differ-
ences among groups. Thus, the loss
of cMLCK activity with attenuation
ofMLC2v phosphorylation resulted
in no changes in basal cTnI
phosphorylation.
Lack of cMLCK and RLC Phos-

phorylation Leads to Ventricu-
lar Hypertrophy—Disruption of
cMLCKexpressionwith diminished
RLC phosphorylation resulted in
ventricular hypertrophy (Table 2
and Fig. 4). The body weights and
left tibial lengths were not different,
but there were significant differ-
ences in heart weights for both
cMLCK�/neo and cMLCKneo/neo

male mice compared with hearts
from wild type animals. These dif-
ferences are also apparent when
heart weights were normalized
to tibial lengths showing 16 and
47% increases in the ratios (p �
0.05).
Histological sections confirmed

enlargement in both right and left
ventricles (Fig. 4). Fig. 5 shows
wheat germ agglutinin staining to
visualize and quantify cardiac myo-

cyte sizes in hearts from the mice. There was a progressive
increase in the cross-sectional area of the myocytes in
cMLCK�/�, cMLCK�/neo, and cMLCKneo/neomice, confirming
the hypertrophic response. Hearts from cMLCK�/neo mice
manifested ventricular myocyte cell necrosis, although hearts
from cMLCKneo/neo mice had interstitial fibrosis by 19–22
weeks of age (Fig. 4). We noted no necrosis or interstitial fibro-
sis in histological sections of atria from cMLCK�/neo or
cMLCKneo/neo mice (data not shown). Thus, evidence was
obtained for pathological remodeling with attenuation of
cMLCK expression and MLC2v phosphorylation.
Similar to responses obtained in male mice, hearts from

female cMLCK�/neo and cMLCKneo/neo mice showed propor-
tional decreases in cMLCK content and MLC2v phosphoryla-
tion associated with larger hearts compared with female
cMLCK�/� mice (Fig. 6). Thus, although hearts from female
mice are smaller than hearts frommalemice, there is no gender

FIGURE 3. Relative contents of cMLCK and phosphorylated RLC in ventricular and atrial tissues. Hearts from
cMLCK�/�, cMLCK�/neo, and cMLCKneo/neo mice were divided into ventricular and atrial portions and processed for
immunoblotting as described under “Experimental Procedures.” A and B, ratio of cMLCK to GAPDH was calculated
from densitometry of Western blots with 30 �g of protein loaded per lane (upper panels). Individual ratios were
normalized to the mean value for tissue from cMLCK�/� mice to calculate relative contents in ventricular (A) and
atrial (B) tissues (n � 7–13). C and D, molar ratio of phosphorylated RLC was calculated from densitometry of urea-
glycerol gel blots with 3 �g of protein loaded per lane (upper panels, phosphorylated forms indicated by P). Average
molar ratios are shown for ventricular MLC2v (C) and atrial MLC2a (D) with n � 4–7. Heart samples were obtained
from 18- to 22-week-old, male mice. *, p � 0.05; **, p � 0.01 compared with WT.

TABLE 1
Relative expression of proteins related to cardiac myosin
Values are means � S.E., n � 3 or more. Heart samples were obtained from 18- to
22-week-old, male mice.

Measurementsa cMLCK�/� cMLCKneo/neo

% %
MLC2v 100 � 20 99 � 9
MLC2a 100 � 7 102 � 4
MYPT2 100 � 11 88 � 12
cTnI 100 � 7 96 � 10
Smooth muscle MLCK 100 � 16 87 � 12

a p � 0.05 for comparisons to cMLCK�/� mice.
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difference in the pathological remodeling with the loss of
cMLCK.
Molecular markers of cardiac hypertrophy were analyzed by

real time PCR as shown in Table 3. Transcriptional levels of
brain natriuretic peptide, but not other hypertrophy markers,
were increased in hearts from cMLCKneo/neo mice. The extent
of change was modest but consistent with re-activation of a
fetal gene program associated with pathological remodeling
(36, 37), including changes associated with decreased MLC2v
phosphorylation with overexpression of MYPT2 (38).
Disruption of cMLCKExpression Leads to CompromisedCar-

diac Performance—Cardiac function was monitored by echo-
cardiography in nonsedated animals. Attenuation of cMLCK
expressionwith loss ofMLC2v phosphorylation led to compro-
mised cardiac function as shown by echocardiography (Fig. 7).
There was a proportional decrease in systolic performance
assessed as percent fractional shortening from 71% in wild type
animals to 53% (p � 0.01) and 34% (p � 0.01) for hearts from
cMLCK�/neo and cMLCKneo/neo mice, respectively. However,
heart rates among all groups were not different (Table 2).

Declines in cardiac function were associated with ventricular
dilation with progressive increases in left ventricular end-sys-
tolic and end-diastolic dimensions (Fig. 7). Both echocardio-
graphic estimate of LV mass and necropsy evaluation of heart
weight/tibia length revealed a significant degree of hyper-
trophic growth due to disruption of cMLCK expression.
Stress-inducedCardiacHypertrophy Is Altered in cMLCKneo/neo

Mice—Isoproterenol infusion for 7 days induced a cardiac
hypertrophic response in wild type mice similar to results
described previously (31). Isoproterenol treatment increased
the heart weight/tibial length ratio in cMLCK�/� mice from
6.4 � 0.16 to 11.6 � 0.33, showing a 1.8-fold increase (Tables 2
and 4). Isoproterenol treatment increased the heart weight/
tibial length ratio in cMLCKneo/neo mice from 9.4 � 0.21 to
11.3 � 1.27, showing a smaller 1.2-fold increase. The left ven-
tricular masses measured by echocardiography were similar in

FIGURE 4. Hypertrophy of hearts from cMLCK hypomorphic mice. Repre-
sentative histological sections stained with H&E (top two rows) or Masson’s
trichrome (bottom row). Scale bars, 2 mm (upper row) or 100 �m (lower rows).
Hearts were obtained from 18- to 22-week-old male mice with genotypes
indicated.

FIGURE 5. Wheat germ agglutinin staining of cardiac myocytes. Staining
of transverse sections of hearts from 18- to 22-week-old male cMLCK�/�,
cMLCK�/neo, and cMLCKneo/neo mice with wheat germ agglutinin (red) shows a
progressive increase in myocyte size. Quantification of myocyte cross-sec-
tional areas indicates significant increases in cMLCK�/neo and cMLCKneo/neo

mice. *, p � 0.05; **, p � 0.01 (n � 3 mice). Bar, 20 �m.

TABLE 2
Morphometric and echocardiographic parameters
Values are means � S.E. for at least six samples. Heart samples were obtained from 18- to 22-week-old, male mice.

Measurements cMLCK�/� cMLCK�/neo cMLCKneo/neo

Body weight 28.0 � 1.5 g 29.1 � 0.9 g 29.7 � 0.8 g
Heart weight 119 � 4.6 mg 145 � 5.0 mga 181 � 3.6 mgb
Tibial length 18.8 � 0.4 mm 19.0 � 0.2 mm 19.2 � 0.24 mm
Heart weight/tibial length 6.4 � 0.16 7.4 � 0.31c 9.4 � 0.21a
Heart rate 560 � 20 beats/min 540 � 41 beats/min 492 � 20 beats/min
Interventricular septum 0.66 � 0.02 mm 0.66 � 0.02 mm 0.84 � 0.02 mmc

Posterior wall 0.92 � 0.04 mm 0.80 � 0.03 mm 0.90 � 0.05 mm
Left ventricular mass 70.9 � 8.92 mg 79.09 � 4.25 mg 148.76 � 13.28 mgc

a p � 0.01 for comparisons with cMLCK�/� mice.
b p � 0.001 for comparisons with cMLCK�/� mice.
c p � 0.05 for comparisons with cMLCK�/� mice.
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cMLCK�/� mice after isoproterenol infusion (136 � 12 mg)
and cMLCKneo/neo mice with or without isoproterenol treat-
ment (147� 14 and 132� 10mg; Table 4); all were greater than
left ventricular masses for cMLCK�/� mice without infusion
(71.8 � 8.7; Table 4). Thus, loss of cMLCK itself results in

marked hypertrophy, which is not increased with the isoprot-
erenol treatment.
Functional measurements were made by echocardiography

in mice infused with isoproterenol (Fig. 8). The diminished
fractional shortening observed in cMLCKneo/neo mice was not
significantly affected by the isoproterenol infusion. There was
also no decrease in animal survival associated with the stress
induced by isoproterenol infusion in cMLCKneo/neo mice that
already had compromised cardiac performance.
The extent of phosphorylation of MLC2v in hearts from iso-

proterenol-treated wild type mice (0.43 � 0.01 mol of phos-
phate/mol of MLC2v) was similar to that obtained with hearts
from noninfused animals (0.42� 0.02mol of phosphate/mol of
MLC2v). Notably, the isoproterenol treatment increased
MLC2v phosphorylation in hearts from cMLCKneo/neo mice
(0.13 � 0.02 versus 0.03 � 0.00 mol of phosphate/mol of
MLC2v), perhaps by activating ZIPK. However, the increase in
MLC2v phosphorylation by this particular treatment did not
reach values obtained in cMLCK�/� mice.

DISCUSSION

The attenuation of cMLCK expression eliminates RLC phos-
phorylation in both atrial and ventricular myocytes where the
basal phosphorylation is thought to fine-tune or modulate nor-
mal Ca2�-dependent contraction. These results provide a
definitive identification of the primary kinase responsible for
cardiac RLC phosphorylation, similar to the identification of
other MLCKs responsible for phosphorylation of RLCs in skel-
etal and smoothmuscles (10, 39, 40). Although it was suggested
that skeletal muscle MLCK may phosphorylate cardiac RLC in
vivo, our results are consistent with the previous observation
that knock-out of skeletal muscle MLCK affected RLC phos-
phorylation only in skeletalmuscle and not cardiacmuscle (10).
ZIPKmay also phosphorylate RLC in cardiacmuscle (26), but it
does not appear to be involved in the basal phosphorylation.
ZIPK, a member of the family of death-associated protein
kinases, is activated by upstream kinases responsive to different
signaling pathways (41–44). The potential signaling pathways
that activate ZIPK to phosphorylate cardiac RLC are not known
at this time but may involve G protein-coupled receptors and
RhoA (42, 45).
Reported biochemical properties of cMLCK show that its

maximal specific kinase activity is much lower than skeletal or
smooth muscle MLCKs (21, 24, 25). cMLCK contains a high
affinity calmodulin-binding sequence, but there were differ-
ences in reported Ca2�/calmodulin-dependent kinase activity
that will need to be resolved with additional investigations (24,
25). However, the low kinase activity is consistent with the slow
turnover of phosphate in RLC (t1⁄2 � 250min) that results in the
40–50% basal phosphorylation in contracting heartmuscle (15,
16). With continuous contractions at high frequencies such as
those found in rodent hearts, it is predicted that cMLCKwould
be saturatedwith boundCa2�/calmodulin (9, 11, 30). However,
spatial gradients resulting in compartmented and local control
of Ca2�-signaling pathways in cardiac myocytes could modu-
late Ca2�/calmodulin signaling to cMLCK (46, 47).

Because there is an attenuation of RLC phosphorylation with
a partial decrease in kinase content in cMLCK�/neo animals,

FIGURE 6. Characterization of hearts from female hypomorphic mice.
Hearts were obtained from 19- to 26-week-old female mice (n � 4 –10) for
analysis of cMLCK content (upper panel), MLC2v phosphorylation (middle
panel), and ratio of heart weight to tibial length (lower panel). *, p � 0.05; **,
p � 0.01; ***, p � 0.001 compared with values for cMLCK�/� mice.

TABLE 3
Relative expression of cardiac hypertrophy marker genes
Values are means � S.E., n � 3. Heart samples were obtained from 18- to 22-week-
old, male mice.

Measurements cMLCK�/� cMLCKneo/neo

ANP 1.0 � 1.2 1.5 � 0.57
BNP 1.0 � 0.08 1.8 � 0.23a
Myh7 (bMHC) 1.0 � 1.1 1.9 � 0.50
Myh6 (aMHC) 1.0 � 0.09 1.2 � 0.22
Col1a2 1.0 � 0.08 1.2 � 0.14

a p � 0.05 for comparisons with cMLCK�/� mice.
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cMLCK itself appears limiting for RLC phosphorylation, simi-
lar to skeletal but not smoothmuscle RLC phosphorylation (11,
48). The phosphorylation of RLC in cardiacmuscle occurs with
a kinase not tightly bound to myofilaments, which is similar to
skeletal muscle (9). In smooth muscle, the availability of Ca2�/
calmodulin is limiting so that only a fraction of the kinase can be

activated even at high cytosolic
Ca2� concentrations. Smooth mus-
cle MLCK is also bound tightly to
actin filaments due to a specific
repeat sequence at its N terminus
that is not present in either of the
striated muscle MLCKs (49–52).
The tightly bound kinase extends
to myosin thick filaments where
the catalytic domain phosphory-
lates smooth muscle RLC upon
Ca2�/calmodulin activation. This
spatial organization provides a
rapid RLC phosphorylation be-
cause the amount of kinase is more
abundant relative to the amount of
myosin in smooth muscle cells
compared with striated myocytes.
Disruption of cMLCK expression

results in loss of RLC phosphoryla-
tion that leads to inhibition of car-
diac performance in vivo. Mice with
attenuated cMLCK had increased
heart weight/tibial length ratios,
increased LV mass, dilation of the
LV, impaired LV function, and
evidence of fetal gene activation.
Animals with cMLCK�/neo geno-
type exhibited intermediate values
between WT and cMLCKneo/neo

mice. Together, these observations
are consistent with a model where
diminished contractile perform-
ance provokes a compensatory

hypertrophic growth response. As is typical, this responseman-
ifests maladaptive features, culminating ultimately in heart
failure. Our observations of substantial fibrotic change are con-
sistent with this. That we also observed evidence of necrosis
suggests that cell death pathways are activated. The phenotype
resembles that described for transgenic mice where cardiac
RLC phosphorylation but not cTnI phosphorylation was
reduced by overexpression of myosin phosphatase target sub-
unit 2 (38). Together, these studies strongly suggest that the
observed ventricular dysfunction results from depressed car-
diac RLC phosphorylation.
These results support predictions made from skinned stri-

ated muscle fibers where RLC phosphorylation is a positive
modulator of Ca2� sensitivity that shifts the pCa-force relation-
ship to the left and increases the maximal force response (12,
17, 18, 53). Phosphorylation of myosin-binding protein C has
similar effects. Phosphorylation of cTnI has the opposite effect
where it decreases myofilament sensitivity to calcium by shift-
ing the pCa-force curve to the right. Mice expressing a non-
phosphorylatable MLC2v in the heart did not change the Ca2�

sensitivity of force (17). It was observed that phosphorylation of
cTnI was also reduced, which would counteract the rightward
shift in the pCa-force relation due to reduced MLC2v phos-
phorylation. Interestingly, these transgenic mice developed

FIGURE 7. Echocardiographic analysis of hearts from mice of indicated genotype. A, representative
M-mode echocardiograms recorded in unanesthetized mice. Details of the analysis are shown in the larger
images in Fig. 8. B, left ventricular fractional shortening ((LVEDD � LVESD)/LVEDD) expressed as percent.
C, LVEDD. D, LVESD. Data were obtained on 18- to 22-week-old male mice. n � 9, 6, and 15 for cMLCK�/�,
MLCK�/neo, and MLCKneo/neo mice, respectively. **, p � 0.01 compared with cMLCK�/� mice.

TABLE 4
Effect of isoproterenol infusion on cardiac morphometric and
echocardiographic parameters
Mice were treated with isoproterenol for 7 days to induce cardiac hypertrophy, and
echocardiographicmeasurements weremade before and after infusion as described
under “Experimental Procedures.” Values aremeans� S.E. for at least four samples.
Heart samples were obtained from 18- to 22-week-old male mice.

cMLCK�/� cMLCKneo/neo

Before isoproterenol infusion
Heart rate 664 � 15 beats/min 575 � 31 beats/min
Interventricular septum 0.52 � 0.04 mm 0.84 � 0.01 mma

Posterior wall 0.81 � 0.04 mm 0.95 � 0.1 mm
Left ventricular mass 71.8 � 8.69 mg 147.11 � 13.9 mga

After isoproterenol infusion
Body weight 30.9 � 2.1 g 30.9 � 2.7 g
Heart weight 212.6 � 6.6 mg 208 � 25.3 mg
Tibial length 18.3 � 0.17 mm 18.4 � 0.17 mm
Heart weight/tibial length 11.6 � 0.33 11.3 � 1.27
Heart rate 618 � 25 beats/min 687 � 25 beats/min
Interventricular septum 0.54 � 0.09 mm 0.63 � 0.00 mm
Posterior wall 1.16 � 0.08 mm 1.02 � 0.05 mm
Left ventricular mass 136.1 � 11.8 mg 131.9 � 9.83 mg

a p � 0.01 for comparisons with cMLCK�/� mice.
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atrial but not ventricular hypertrophy (54). The atrial hypertro-
phy observed with overexpression of nonphosphorylatable
MLC2v may have been due to displacement of the endogenous
MLC2a subunit of atrial myosin resulting in myofibrillar dys-
function (54).
With the selective attenuation of cMLCK expression, we

observed a decrease in RLC but not cTnI phosphorylation,
which was associated with development of ventricular hyper-
trophy. The extent of ventricular enlargement and functional
impairment was dependent on the extent of decrease in
cMLCK and hence the amount of MLC2v phosphorylation.
Overexpression of the nonphosphorylatable MLC2v did not
eliminate all MLC2v phosphorylation, but the decrease was
sufficient to impair cardiac contractility (17, 54, 55). How-
ever, the counterbalancing loss of cTnI phosphorylationmay
have diminished the impairment of cardiac contractility due
to decreased MLC2v phosphorylation. The ventricular
hypertrophic response with loss of cMLCK was not associ-
ated with decreased cTnI phosphorylation and would thus
lead to a greater impairment of cardiac contractility associ-

ated with selective cell death,
necrosis, and fibrosis with the
hypertrophic response.
Pathophysiological stresses in-

duce cardiac hypertrophy through
different signaling pathways (56–
58). Therefore, it was of interest to
determine whether stress would
affect hypertrophic hearts with
compromised performance from
cMLCKneo/neo mice. Isoproterenol
infusion did not significantly
change the size or performance of
hearts from cMLCKneo/neo mice,
although hearts from cMLCK�/�

showed hypertrophic responses as
reported previously (29). Because
the heart has the capacity to
increase its mass 2.8–3.0-fold (59),
we consider the possibility that the
lack of cMLCK and the marked
reduction of RLC phosphorylation
have dual effects. First, hypertro-
phy is induced due to negative
energetic effects on contractile
performance. However, further
increases in heart size to a stress
such as isoproterenol infusion are
attenuated in cMLCKneo/neo mice
due to negative effects on myofi-
bril assembly, perhaps because of
attenuated RLC phosphorylation
(24–25, 60, 61). Additional inves-
tigations are needed to establish
specific cellular mechanisms in-
volved, but recent results provide
new perspectives. Infusion of neu-
regulin, a peptide that activates

ErbB receptor tyrosine kinases in cardiac myocytes, increases
expression of cMLCK with increased MLC2v phosphorylation
associated with improved cardiac performance after myocar-
dial infarction in rats (62). Administration of neuregulin to
patients with stable chronic heart failure improves hemody-
namic responses acutely and chronically (63).
In summary, cMLCK is the cardiac specific kinase responsi-

ble for the basal phosphorylation of bothMLC2v andMLC2a in
vivo. The selective loss ofMLC2v phosphorylation leads to con-
tractile dysfunction, ventricular hypertrophy, necrosis, and
fibrosis. Considering cMLCK was identified in human heart
failure (25), it may play an important role not only in the phys-
iological performance of the heart but also adaptive responses
to pathophysiological stresses. Mutations in multiple sarcom-
eric proteins, including MLC2v, lead to ventricular enlarge-
ment and failure (6, 64). There is a direct correlation between
decreased MLC2v phosphorylation and expression in mice of
some MLC2v mutations linked to familial hypertrophic car-
diomyopathy (65, 66). Interestingly, the down-regulation of the
phosphorylated form of MLC2v by the D166V mutation was

FIGURE 8. Echocardiographic analysis of hearts from cMLCK�/� and cMLCKneo/neo mice before and after
isoproterenol infusion. A, representative M-mode echocardiograms recorded in unanesthetized mice
treated with isoproterenol; 1 and 2 indicate LVEDD and LVESD, respectively. B, left ventricular fractional short-
ening ((LVEDD � LVESD)/LVEDD) expressed as percent. C, LVEDD. D, LVESD. Data were obtained from 18- to
22-week-old male mice. cMLCK�/� (black bar, n � 4) and cMLCKneo/neo (gray bar, n � 4), respectively. *, p � 0.05;
***, p � 0.001 compared with cMLCK�/� mice. Data were obtained from 18- to 22-week-old male mice.
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associated with an increase in TnI phosphorylation. The R58Q
in MLC2v mutation also reduced RLC phosphorylation,
thereby decreasing the kinetics of myosin cross-bridges and
increasing myofilament Ca2� sensitivity leading to changes in
intracellular Ca2� homeostasis. Mutation of Glu-22 to Lys in
human MLC2v is associated with hypertrophic cardiomyop-
athy. This mutation inhibits phosphorylation and Ca2�

binding to the light chain (67). Additionally, it increased
Ca2� sensitivity of myofibrillar ATPase activity and force
development (68). It is thus predicted cMLCK mutations
that cause a loss of kinase activity and reduced MLC2v phos-
phorylation will also lead to sarcomeric dysfunction and car-
diac failure. The identification of the central importance of
cMLCK provides a new clinical target for discovery of its role
in human cardiac pathophysiology.
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